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ABSTRACT
One of the six extended X-ray sources found in the Chandra Deep Field North is centred on
HDF 130, which has recently been shown to be a massive galaxy at z = 1.99 with a compact
radio nucleus. The X-ray source has a roughly double-lobed structure with each lobe about 41
arcsec long, or 345 kpc at the redshift of HDF 130. We have analyzed the 2 Ms X-ray image
and spectrum of the source and find that it is well fit by a power-law continuum of photon
index 2.65 and has a 2–10 keV luminosity of 5.4× 1043 erg s−1 (if at z = 1.99). Any further
extended emission within a radius of 60 arcsec has a luminosity less than half this value, which
is contrary to what is expected from a cluster of galaxies. The source is best explained as an
inverse Compton ghost of a giant radio source, which is no longer being powered, and for
which Compton losses have downgraded the energetic electrons, γ > 104, required for high-
frequency radio emission. The lower energy electrons, γ ∼ 1000, produce X-rays by inverse
Compton scattering on the Cosmic Microwave Background. Depending on the magnetic field
strength, some low frequency radio emission may remain. Further inverse Compton ghosts
may exist in the Chandra deep fields and beyond.
Key words: X-rays: galaxies — galaxies: clusters — intergalactic medium — galax-
ies:individual (RG J123617)
1 INTRODUCTION
The deepest published X-ray image of the Sky is the 2 Ms Chan-
dra Deep Field North (CDFN: Alexander et al 2003). Bauer et al
(2002) studied the 6 extended sources found in the first Ms ex-
posure of this field and inferred that they were all due to clus-
ters and groups. Casey et al (2008) have recently found that object
HDF 130, at the centre of one of these extended sources (Source 2,
CDFN J123620.0+621554, of Bauer et al 2002), is a massive ellip-
tical galaxy at redshift z= 1.99, and not a starburst galaxy as earlier
supposed. HST/NICMOS and Spitzer/IRAC imaging have revealed
that the object has a massive (∼ 3× 1011 M⊙) old stellar popula-
tion with a large diameter of about 8 kpc. It is intrinsically weak at
submillimetre wavelengths and has a compact radio source, indica-
tive of a central Active Galactic Nucleus (AGN). We investigate
here the possibility that the double-lobed structure of the extended
X-ray source is not then due to a surrounding merging cluster, as
suggested by Bauer et al (2002), but instead to inverse Compton
(IC) emission from a past outburst of the galaxy. The object would
in the past have appeared as a giant radio galaxy, but inverse Comp-
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ton losses have downshifted the high energy electrons responsible
for radio emission so what remains is X-ray IC emission produced
by Lorentz factor γ ∼ 1000 electrons scattering on the Cosmic Mi-
crowave Background (CMB).
Extensive IC X-ray emission from large radio galaxies has
been detected above redshift z = 1, such as 3C 294 (z = 1.786;
Fabian et al 2003), 6C 0905+39 (z = 1.833, Blundell et al 2006;
Erlund et al 2008) and 4C 23.56 (z = 2.48; Johnson et al 2007).
The flux of the emission depends on the energy density of the tar-
get photons, which in the case of the CMB rises as (1+ z)4 so
cancelling out the dimming expected from increased distance (Fel-
ten & Rees 1969; Schwartz 2002). In the case of 3C 294 there are
distinct large patches of X-ray emission separate from the observed
radio source (Erlund et al 2006) and in 6C 0905+39 most of the
X-ray emission lies in between the hotspots where no radio emis-
sion is seen (Erlund et al 2008). The lifetime of the electrons in
the sources scales as 1/γ due to radiative losses. Lorentz factors of
γ ∼ 1000 are required to upscatter the CMB photons and γ ∼ 104
(depending on the magnetic field strength) to generate GHz syn-
chrotron radiation in the radio band. Consequently when the AGN
switches off and no further electron acceleration takes place, the
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IC X-ray emission can last ten or more times longer than the high-
frequency radio source, as observed with current instruments.
The Compton lifetime of γ ∼ 1000 electrons at z ∼ 2 is about
30 Myr, so the X-ray ghost of a dead giant radio galaxy at that red-
shift may be detectable as an extended X-ray source for that time.
Depending on the ratio of the radio to Compton lifetimes, and on
adiabatic expansion losses, such X-ray sources could be common.
Celotti & Fabian (2004) considered the relative numbers of radio
galaxies and clusters as a function of redshift and showed that such
extended ghosts could well outnumber low luminosity clusters at
moderate to high redshifts. They predicted that such objects could
account for some of the extended objects in the Chandra deep fields.
Here we investigate whether Source 2 in the extended CDFN
source list of Bauer et al (2002) can be such a ghost of a radio
source, given its double-lobed structure with a massive galaxy host-
ing a compact radio source at the centre. The case stands on the
morphology and spectrum of the X-ray source and the coincidence
with the massive galaxy. Fortunately the X-ray dataset has been
doubled (from 1–2 Ms exposure) since the work of Bauer et al
(2002).
The Hubble Deep Field region has been observed at radio
frequencies (1.4 GHz) at the VLA (Richards et al 1999; Biggs
& Ivison 2006) and Westerbork (Garrett et al 2000). Two faint
VLA radio sources, unresolved in the 1.5 arcsec beam, appear at
the position of the extended X-ray emission1, with a flux totalling
∼ 400µJy. This compares with a single unresolved WSRT source
of 540µJy at the same wavelength of 21 cm (see the map in Gar-
rett et al 2000 which shows contours of the Westerbork source and
marks the positions of the VLA sources). The much larger beam
of the Westerbork array (∼ 15 arcsec; the source size is quoted as
< 21 arcsec) is more sensitive to extended radio flux which can ex-
plain the difference between the measured fluxes. In other words,
the data appear consistent with the presence of an extended 1.4 GHz
radio source of about ∼ 150µJy at the position of the extended X-
ray source. For the present, we treat it as an upper limit.
We assume H0 = 70 km s−1 Mpc−1, which translates into a
scale of 8.5 kpc per arcsec at z = 1.99.
2 DATA ANALYSIS
The X-ray image (Fig. 1) shows an extended source which is
roughly linear in shape from NE to SW (aspect ratio of about 4 to
1) and with a minimum in the middle. The point-like radio source
lies at the centre of the structure close to the minimum. Each lobe
is 40.7 arcsec (345 kpc) long, so the whole X-ray source is 690 kpc
across. This is not exceptional for a giant radio galaxy (e.g. Mullin
et al 2008).
Thus on a purely morphological basis the source resembles
what a ghost radio source should look like and is unlike a relaxed
cluster of galaxies. Such a massive galaxy is plausibly in a cluster
of some form and it would not be surprising for there to be some
extended hot gas associated with it. An important test is how ex-
tended the X-ray emission appears; a cluster atmosphere should be
very extended and appear roughly circular and not the limear shape
we observe here.
1 One is HDF 130, which is unresolved (< 65 mas) by MERLIN (Casey et
al 2008); the other, 10 arcsec to the NNW and coincident with an X-ray
emission peak (Alexander et al 2003), is a submillimetre galaxy at the same
redshift as HDF130 (Chapman et al 2008, submitted).
The 2 Ms CDF-N data (see Alexander et al. 2003 for a full de-
scription of the data) were re-reduced following a procedure iden-
tical to that described by Luo et al. (2008) for the 2 Ms CDF-S
data analysis. X-ray spectra of our source were then extracted from
individual reduced and cleaned level 2 event files using routines
and recipes from the ACIS Extract software package (AE; Broos
et al. 2002), which automates and augments the basic reduction
method within CIAO (v4.0). We adopted two formal extraction re-
gions centred on HDF 130, an elliptical region that encompassed
only the high-surface brightness emission (45′′×17′′, θ = 330◦ i.e.
major axis NE) and a circular region equivalent to 500 kpc in radius
at z = 1.99 (60 arcsec radius). Background spectra were extracted
from an annulus between 60 arcsec and 100 arcsec centred on our
source. In all regions, point sources from the catalog of Alexan-
der et al. (2003) were excluded using circular regions a factor of
two larger than the 99 per cent encircled energy radius at that po-
sition (≈4–10′′). The individual spectra and associated calibration
products were then merged, and the combined background spec-
trum was scaled to that of our source based on the mean ratio of
the effective areas. We note that this effective area ratio is nearly
constant over the entire energy range, with only a ≈3–4 per cent
variation from end-to-end. The spectra were grouped at a signal-to-
noise ratio of 5 and then fit with XSPEC (Version 12.4.0; Arnaud
1996).
The spectra from the smaller elliptical and the larger cir-
cular regions have both been fitted with power-law and thermal
(Mekal) models, absorbed by the Galactic column density of NH =
2.93× 1020 cm−2 . The observed spectra are similar (Fig. 2) and
show no significant flux difference. The limit on any further ex-
tended emission from a hot medium in any surrounding cluster is a
rest-frame 2–10 keV luminosity of ∼ 2×1043 erg s−1 (a tempera-
ture of 3 keV was assumed). For the elliptical region covering the
obvious emission in Fig. 1 we find similar values of χ2 = 107 for
112 degrees of freedom for both the power-law and thermal mod-
els. The fitted photon index for the former Γ = 2.65± 0.5 and the
temperature for the latter kT = 2.9+1.9
−1.0 keV, where the uncertain-
ties are quoted at 90 per cent confidence levels. The 0.5–5 keV flux
of the source is 2.4×10−15 erg cm−2 s−1 (i.e. 0.6 nJy at 1 keV).
After correction for Galactic absorption, the 2–10 keV rest
frame luminosity of the source is 5.4± 0.9× 1043 erg s−1 . This
is about one half of that of the giant powerful radio galaxy
6C 0905+39 (1.5× 1044 erg s−1 ; Erlund et al 2008), so the size
and luminosity of the extended CDFN X-ray source are not ex-
ceptional. Although the spectrum does not distinguish power-law
IC from thermal emission, the linear shape of the object and lack
of more extensive emission strongly support a non-thermal origin;
indeed there is no known evidence of any thermal material within
FRII lobes. The photon index of the emission around HDF 130 is
steeper (Γ∼ 2.65) than that associated with 6C 0905+39 (Γ∼ 1.8)
but only marginally so when uncertainties are considered. This may
indicate that spectral ageing is significant for the electrons in the
HDF 130 source. The highest energy electrons lose their energy at
a faster rate than lower energy ones, so leading to a steepening of
the spectrum. It seems plausible that we are observing HDF130 at
a later stage in its lifecycle than we observe 6C0905+39.
3 DISCUSSION
We have shown that Extended Source 2 from the CDFN (Bauer et
al 2002) is plausibly a ghost X-ray source with X-ray bright lobes.
The total electron energy associated with the emission is consid-
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Figure 1. X-ray image of the source in the 0.3–3 keV band. The data have been binned into 1 arcsec pixels and gaussian smoothed by 5 pixels. 20 arcsec is
indicated by the bar on the left and the position of the massive galaxy HDF 130 hosting the (unresolved) radio source of Casey et al (2008) is marked by a
cross.
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Figure 2. Spectra of the source; the black points are from the elliptical
region immediately surrounding the extended emission seen in Fig. 1, the
red points are from a larger circular region of radius 60 arcsec.
erable at about 7× 1059 erg, using expression (6) in Erlund et al
(2006) with the electron distribution extending from γ = 103−105
and the above 2− 10 keV luminosity. This estimate can increase
considerably if the electron distribution is broader (particularly ex-
tending below γ = 103) and if energetic protons accompany the
electrons. At the present time we have neither direct or indirect
means to detect the protons, nor do we have any reason to invoke
particles with Lorentz factors below 103 (those that are madnated
by the ICCMB emission). If the steep photon index is due to spec-
tral ageing then a turnover in the electron distribution is expected
there. The total energy of the source will have been larger in the past
if the radio lobes were over-pressured with respect to the environ-
ment they were expanding into. Also it is expected that expansion
losses will be important if the source is not confined in some way.
We presume this source does lie in a poor cluster or group which
has a hot medium with a low X-ray luminosity into which the lobes
will be doing work as they expand.
The expected radio flux from the source relies on several as-
sumptions. If we first assume that the magnetic field in the lobes
is in energy equipartition with the relativistic electrons estimated
above then we find a field of 2µG. (The emission region has been
approximated as a cylinder 690 kpc long and 170 kpc in diameter.)
This means that the Lorentz factor for electrons giving 1.4 GHz
synchrotron radio emission is γ ≈ 1.5×104. The synchrotron flux
can then be predicted from the inverse Compton flux using, for
example, expressions (4.53) and (4.54) of Tucker (1975). Assum-
ing a power-law electron distribution for γ = 103 −105, we find a
1.4 Ghz synchrotron flux of ∼ 14µJy (∼ 145µJy at 300 MHz) for a
photon index Γ = 2.6 and 570µJy for Γ = 2. Only for a steep spec-
tral index (consistent with an ageing electron population) are the
present 1.4 Ghz radio observations consistent with this prediction.
The synchrotron flux Fs varies with the total energy as Fs ∝ EΓ/2,
so a broader energy distribution increases the predicted flux, thus
strengthening this conclusion. For example, if Γ= 2.6 and the elec-
tron spectrum turns over below γ ∼ 500 then the predicted 1.4 GHz
synchrotron flus is just consistent with the flux density of 140µJy
hinted at by the discrepancy between the Westerbork and VLA im-
ages.
If the powerful jets have switched off and electron acceleration
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ended within the hotspots then there will not be a simple power-law
electron distribution from γ = 103−104, but a steep turnover above
the energy where the inverse Compton cooling time equals the time
∆t since the acceleration stopped;
γ = 1000
(
∆t
30Myr
)−1
. (1)
This could mean that the radio source is only detectable at low ra-
dio frequencies (few 100 MHz) and thus, for example, with the
giant metrewave radio telescope (GMRT) or in the future with Low
Frequency Array (LOFAR) and similar instruments.
Bauer et al (2002) note that there may be about 150 extended
X-ray sources per square degree. If even 10 per cent of them are
similar to the HDF 130 source then they have a space density of
roughly 10−6 Mpc−3 (3× 10−8 Mpc−3 in comoving units), close
to the estimate of Celotti & Fabian (2004) for sources of luminosity
∼ 1044 erg s−1 . The Compton cooling time at z= 2 is about 30 Myr,
whereas the time from z = 2.5 to 1.5 is about 1.7 Gyr. Therefore
the space density of objects giving rise to ghosts (assuming they
each only undergo one jet-active phase) is 50 times the above value
or ∼ 10−6 Mpc−3 in comoving units, comparable to the number
density of massive galaxies (MK < 25; Cole et al 2001). It is even
higher if expansion losses dominate, as expected.
A direct demonstration of our IC explanation for the extended
X-ray emission around HDF130 would be the clear detection and
mapping of the radio source itself at low radio frequencies (e.g.
100 MHz), where the Compton losses are less and the emitting
electrons closer in energy to the X-ray ones.
We conclude that the X-ray Sky may be littered with faint in-
verse Compton ghosts.
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